Supersymmetry breaking in string perturbation theory predicts the existence of a new dimension at the TeV scale. The simplest realization of the minimal supersymmetric Standard Model in the context of this mechanism has two important consequences: (i) A natural solution to the µ-problem; (ii) The absence of quadratic divergences in the cosmological constant, which leads to a dynamical determination of the supersymmetry breaking and electroweak scale. We present an explicit example in which the whole particle spectrum is given as a function of the top quark mass. A generic prediction of this mechanism is the existence of Kaluza-Klein excitations for gauge bosons and higgses. In particular the first excitation of the photon could be accessible to future accelerators and give a clear signal of the proposed mechanism.
Introduction
One of the main issues in string theory is the supersymmetry breaking, which constitutes a basic ingredient to connect the effective field theory at the Planck scale M p to the observed low energy physics. It turns out that the scale of supersymmetry breaking m s does not correspond to an independent parameter of the compactification in four dimensions [1] . In every consistent perturbative solution with spontaneously broken supersymmetry, m s is necessarily proportional to the inverse size of some internal dimension(s) 1/R [2, 3] . Since m s is expected to be of the order of the scale of weak interactions to protect the gauge hierarchy, it follows that the decompactification scale must be in the TeV range.
From the field theory point of view such a large dimension would be a theoretical disaster since gauge couplings increase, and the theory becomes non-perturbative, very rapidly above 1/R. More serious, the effective theory is non-renormalizable in that region and decoupling is generally lost. In string theory the latter problem is automatically solved due to the finiteness property, while the former can be avoided in a large class of four-dimensional models [4] . Its solution is based on the observation that, before supersymmetry breaking, the gauge couplings in these models do not depend on the large dimension: the physical reason is that the Kaluza-Klein (KK) excitations form, at each level, N = 4 supermultiplets which give vanishing contribution to the β-functions. The main achievement of these string models is to accomodate this property with that of chirality for the massless spectrum. After supersymmetry breaking the dependence is exponentially suppressed in the large radius limit [4] . This phenomenon can be explicitely shown for orbifold compactifications.
In that case the consistency of the theory after the chiral projection leads also to the existence of the so-called twisted states which have not KK-excitations.
In this class of models supersymmetry is spontaneously broken along a flat direction, corresponding to arbitrary values of R, and a vanishing vacuum energy at the tree-level. On the other hand, an important property of this mechanism is the absence of quadratic divergences in the cosmological constant. This allows the radia-tive determination of the supersymmetry breaking and electroweak scales, as in the no-scale supergravity models [5] , by minimizing the full one-loop effective potential.
Both mass-parameters are given in terms of a new scale, Q 0 , which is dynamically generated through the running of the renormalization group equations (RGEs) and is hierarchically smaller than M p .
In this paper, we work out in detail a simple realization of the minimal supersymmetric Standard Model (MSSM) assuming a string construction which exhibits the above properties. We find that the model is strongly constrained both by theoretical and phenomenological requirements. In particular, quarks and leptons are twisted states, while the Higgs sector plays a very special role. In fact the second Higgs doublet, characteristic of supersymmetric theories, is identified with the first KK-excitation of the first Higgs doublet carrying opposite hypercharge. This allows a natural generation of the µ-parameter in the broken supersymmetric theory, given in terms of the compactification radius. The only non-vanishing soft breaking terms at the Planck scale are a common gaugino mass equal to µ, as well as non-universal Higgs masses also determined by µ. After imposing all minimization conditions one is left with one free parameter, the top Yukawa coupling h t . We find two allowed regions: a light top region, where m t < ∼ 105 GeV, and a heavy top region, where 140 GeV < ∼ m t < ∼ 155 GeV. In both cases, the dynamically generated scale Q 0 is close to the electroweak scale. A characteristic signature of these models is the existence of KK-modes of gauge bosons and higgses at low energy. It turns out that the lightest one, an excited photon γ * , could be accesible to future accelerators.
To be self-contained we review, in Section 2, the main features of orbifold compactifications that will be used, as well as the mechanism of supersymmetry breaking with a large internal dimension. This is the generalization of the Scherk-Schwarz field-theoretical method [6, 7] in string theory [8, 3] . The Z 4 example is worked out for pedagogical purposes. In Section 3, we describe the dynamical determination of scales. We also compare this approach to the non-perturbative mechanism of supersymmetry breaking by gaugino condensation [9] . In Section 4, we present the simplest embedding of the MSSM in the context of this mechanism and we explain how the µ-problem is solved. All tree-level soft breaking parameters are obtained in terms of one scale 1/R and they are non-universal in the Higgs sector. In Section 5, we discuss some aspects related to the new physics of Kaluza-Klein excitations. In Section 6, we solve numerically the renormalization group equations using the above boundary conditions. We find the allowed region consistent with all theoretical and experimental requirements for the only free parameter, namely h t . The spectra of supersymmetric particles, higgses and the lowest KK-excitation of the photon are plotted, as functions of the top-quark mass. Finally the RGEs for couplings and soft breaking parameters of the MSSM are collected, for completeness, in Appendix A.
The mechanism of supersymmetry breaking
We review here the mechanism of supersymmetry breaking with a large internal dimension in the case of orbifold compactifications of the heterotic superstring.
The physical states in orbifolds can be classified in two categories [10] :
• Untwisted states, which appear in the toroidal compactification and survive after the orbifold projection. In toroidal compactifications every state in the higher dimensional theory gives rise to a tower of states in four-dimensions with a mass squared shift equal to 1/R 2 , where R is the corresponding compactification radius. These are the Kaluza-Klein excitations and their mass comes from the components of the momentum, along the compactified direction, which is quantized in units of 1/R. In string theory there are also winding states with a mass squared shift equal to R 2 /4, in Planck units: 1) where m and n are the momentum and winding numbers, respectively, and M 0 stands for other R-independent contributions to the mass. In the large radius limit we are interested, the winding states (n = 0) are superheavy and, thus, irrelevant for our purposes. In field theories toroidal compactifications lead always to non-chiral four-dimensional spectra. In string theory, orbifolds provide a simple way of obtaining chirality. The states from the toroidal compactification are projected into the subset of states which are invariant under the discrete orbifold group. This projection leads to a chiral massless spectrum with N = 1 supersymmetry.
• Twisted states, which are necessary for the internal consistency of the theory and correspond to string excitations around the fixed points of the torus under the orbifold group. Their masses do not depend on the radius of the torus and, therefore, they do not have KK-excitations. These states are characteristic of string theory and do not have any analog in field theories.
When compactifying the ten-dimensional theory to four dimensions there appear three complex internal planes. In a general N = 1 supersymmetric theory the Hilbert space of states can be divided into three sectors depending on the transformation properties of the internal planes under the action of the orbifold group. 2. N = 2 sectors, where one plane is untwisted and two planes are twisted, which can be seen as the truncation of a theory with N = 2 supersymmetry. The masses now depend only on the deformations of the untwisted plane. As a consequence threshold corrections can depend only on those deformations [12] .
3. N = 1 sectors, where all planes are twisted. The corresponding states and threshold corrections do not depend on any deformation of the internal planes.
Let us consider for simplicity only one of the three complex internal planes with a large compactification radius R. To avoid troubles with perturbation theory gauge couplings should not depend on R. The simplest way is to choose a plane which is twisted in all N = 2 sectors.
To break spontaneously supersymmetry we use the Scherk-Schwarz mechanism [6] that makes use of a global, or local, continuous symmetry of the higher dimensional theory. Upon compactification of the coordinate X on a circle of radius R the higher dimensional fields can be choosen to be periodic up to a symmetry transformation: 2) where q is the charge of the field Φ q and ω is an arbitrary parameter of the transformation. The boundary condition (2.2) leads to a shift in the momentum P along the X direction qω/R, i.e.
3) which in turn leads to a mass shift in the four-dimensional theory. If the gravitino field has a non-zero charge q 3/2 , supersymmetry is broken at an arbitrary scale q 3/2 ω/R.
In theories with no continuous symmetries (left over after compactification) transforming the gravitino field, as in the case of string theory, the above mechanism still works for a discrete symmetry [7] . In that case the parameter ω is quantized and the scale of supersymmetry breaking is determined only by R. Note that, although supersymmetry is broken, R is undetermined at the tree level. For the case of a Z N symmetry, ω = 1 and the charges q are multiples of 1/N. This mechanism was extended to string theory in Ref. [8, 3] . Equations (2.2) and (2.3) remain valid for all states with zero winding number. Consistency of the theory also requires that the symmetry generator q must have the same transformation properties as the coordinate X under the action of the orbifold group. As a result, non-zero mass shifts (2.3) appear only in sectors where X is untwisted.
To illustrate the above ideas we present a simple example based on the Z 4 orbifold [4] . The corresponding orbifold group acting on the three complex coordinates The generator of a space-time symmetry with the desired properties corresponds on the world-sheet to the following left-moving complex U(1) current: 4) where ψ µ are the left-moving 2D superpartners of the 4D space-time coordinates x µ ;
ψ denotes any of the components of ψ µ . The current (2.4) does not commute with
The only allowed discrete transformations that commute with T F are e 2iπ J , which leave the 2D fermions Ψ 1 , ψ, ReΨ 3 invariant. Now we concentrate in the N = 4 sector, which is the only one where the coordinate X 1 (or X 2 ) is untwisted and therefore we 
where we also included the winding number n for completeness. As in (2.1) M 0 denotes a possible contribution to the mass with a different origin, e.g. vacuum expectation values at some scale.
All fermions in the N = 4 sector which live in non-chiral supermultiplets get a Majorana mass (2.6). The mass of fermions which belong to chiral supermultiplets looks puzzling and requires an explanation. In fact, the supersymmetry breaking mechanism changes the complexification of fermions within the infinite tower of KKexcitations: the one corresponding to the momentum number m is complexified with that corresponding to −m−1, as can be seen from (2.6), and becomes a Dirac fermion.
In particular the massless chiral fermion with m = 0 is complexified with the (antichiral) fermion with m = −1 from the first KK-excitation and gets a Dirac mass equal to 1/2R. From the point of view of the effective field theory this phenomenon is described by supersymmetric masses in the superpotential,
together with appropriate soft breaking terms for the scalar components, such that their final masses remain unchanged: 8) where Φ m denotes the m-th KK-excitation, and we are using the same symbols for superfields and their scalar components. The superpotential (2.7) leads to a fermion mass 1/2R, while (2.7) and (2.8) lead to scalar masses equal to zero for Φ 0 and to 1/R for Φ −1 . A general consequence of the pattern of supersymmetry breaking is that, in realistic models, quark and lepton multiplets should belong to twisted sectors.
Otherwise they would become massive. Therefore these matter fields do not have
Once supersymmetry is broken gauge couplings in general acquire a dependence on R through radiative corrections which could bring us back to the problem of spoiling the perturbative expansion. However the corrections are expected to be suppressed by the supersymmetry breaking scale, proportional to 1/R. In fact they are exponentially suppressed (up to constants) [4] . Moreover the radius dependence of the one-loop cosmological constant can be calculated with the result [13, 4] : 9) where n B and n F are the number of massless bosons and fermions, respectively, after the supersymmetry breaking, and the ellipsis stands for corrections which are exponentially suppressed in terms of R 2 . The absence of 1/R 2 terms in (2.9) implies the vanishing of StrM 2 and, hence, of quadratic divergences in the cosmological constant. The 1/R 4 suppression is similar to the one obtained in N = 4 supergravity and is a consequence of having broken supersymmetry only in the N = 4 sector.
Although the above discussion dealt with the Z 4 orbifold, the results apply to a more general class of models [4] . In fact, whenever we choose a radius corresponding to a plane untwisted only in the N = 4 sector, the pattern of supersymmetry breaking will be the same as described above, unless the discrete symmetry group is different from Z 2 . On the other hand, there exists the possibility of choosing a plane untwisted even in some N = 2 sectors in models where threshold corrections do not depend on the corresponding radius. In that case the scalar masses from those N = 2 sectors are shifted by the supersymmetry breaking mechanism by the same amount as in (2.6) .
This possibility is model dependent and will not be considered in our analysis.
Dynamical determination of scales
The mechanism of supersymmetry breaking above described yields an N = 1 supersymmetric effective field theory with soft breaking terms coming from the spontaneous breaking of supergravity. All these terms are proportional to the inverse size 1/R of the internal dimension. The soft breaking terms can trigger radiative gauge symmetry breaking [14] at a scale close to the supersymmetry breaking scale m s ∼ 1/R when a Higgs field acquires a non-zero vacuum expectation value (VEV) v. This in general happens if there is some large Yukawa coupling h in the theory, which drives the mass squared of the Higgs to negative values. The value of v is proportional to m s , which is the only scale appearing in the renormalizable field theory as a consequence of the absence of quadratic divergences in the scalar masses. Note that R, and so m s , is arbitrary at the string tree-level since it is given by the VEV of a so-called modulus field T which remains a flat direction at this level after the supersymmetry breaking, while the cosmological constant vanishes.
This situation is reminiscent of the no-scale models in N = 1 supergravity [5] .
One expects that, once supersymmetry is broken, string radiative corrections will lift the flatness by generating a non trivial potential for the field T . Minimization of this potential with respect to the Higgs field and T will fix v and R in terms of M p (the only scale in the string theory). In general one would expect both scales to be of the order of magnitude of M p . However, in the absence of quadratic divergences in the cosmological constant, there is no M 2 p T 2 term in the effective potential. So in the limit M p → ∞ only the renormalizable part of the potential survives and a new scale Q 0 is dynamically generated through the running of the renormalization group equations. Examples of this mechanism have been analyzed in the past, in the context of no-scale models [5] , and the scale Q 0 was found to be
O (1) , (3.1) where M p plays here the role of the scale fixing the boundary conditions. Note that The class of string models we have introduced in the previous section provides good candidates for a dynamical generation of the Q 0 scale, since the condition for the vanishing of StrM 2 is fulfilled as can be seen from (2.9). We stress that the determination of Q 0 has a perturbative nature since it relies upon the one-loop effective potential which is calculable in string theory. This is in contrast with non-perturbative mechanisms of supersymmetry breaking, e.g. gaugino condensation in the hidden sector [9] . In the latter, there is a non-perturbatively generated condensation scale Λ which triggers a supersymmetry breaking scale in the observable sector through grav-
p . This method, since it relies on non-perturbative effects, suffers from a partial lack of calculability at the present state of the art. The situation becomes worse in the context of string theory, where there is no known framework of studying non-perturbative phenomena. Another important difference between the two mechanisms is that the value of Q 0 is controled by parameters that can be measured at low energy, while Λ is controled by the hidden sector of the theory, which cannot be directly measured by present experiments.
In 4D strings all coupling constants depend on the VEV's of scalar fields, the moduli, which determine the shape and size of the internal space. Their values should be determined dynamically by the minimization of the effective potential. As long as supersymmetry remains unbroken they are undetermined since the moduli are exact flat directions (in perturbation theory). Once supersymmetry is broken the degeneracy is lifted by the generated potential. An important property of string theory, in the absence of supersymmetry breaking, is the duality symmetry which relates small and large radii by exchanging momentum and winding modes. In the simplest case of one radius, as can be seen from (2.1), the spectrum is invariant under R → 2 R and n ↔ m. This symmetry is expected to remain at the level of the effective field theory of massless modes (m = n = 0) even in the presence of gaugino condensation.
This implies that self-dual points, e.g. R = √ 2, are always extrema of the potential, and possibly minima unless duality is spontaneously broken. This result does not necessarily requires that gaugino condensation breaks supersymmetry. If supersymmetry is broken perturbatively by a large radius a modified duality transformation still remains as an invariance of the string theory. As can be seen from (2.6) the shifted spectrum is invariant under R → 1 R and n ↔ (2m + 1 − n). In this case the effective field theory of originally massless states is not any longer duality invariant.
For instance, under this transformation the gauginos (m = n = 0) are related to superheavy winding states (m = 0, n = 1) which are not included in the effective theory.
As a result the self-dual point R = 1 is not in general an extremum of the potential and, as we discussed before, R can be fixed at a very large value related to a new dynamical scale Q 0 . Radiative corrections in the supersymmetry broken theory are expected to generate also a potential for all other moduli unrelated to R, lifting their degeneracy. For them the effective theory remains invariant under the corresponding duality transformations and self-dual points will be extrema of the potential.
In addition to the moduli there is a universal scalar field, the dilaton, which plays a very particular role because its VEV determines the tree-level 4D string coupling constant. It is clear that the VEV of this field cannot be fixed at any given order of string perturbation theory, unless some resummation could be performed. The situation is not improved even in the presence of one-gaugino condensation, where a runaway potential is obtained for the dilaton. This problem can be fixed if two different condensates are present [15] . A possible scenario would be fixing the dilaton and moduli which appear in the gauge couplings by such non-perturbative effects without breaking supersymmetry, while supersymmetry is broken by some of the remaining radii using the perturbative approach described above.
The minimal embedding of the Standard Model and a solution to the µ-problem
In this section we present the effective theory corresponding to the simplest embedding of the minimal supersymmetric Standard Model in the general context described above.
As we already pointed out in Section 2, all gauginos get a common Majorana mass given by (2.6), 1) since they belong to non-chiral supermultiplets from the untwisted sector. On the other hand quarks and leptons should be identified with twisted states, having no light KK-excitations. Thus, all their corresponding soft breaking scalar masses vanish,
In the MSSM one needs a Higgs sector with two doublets, H 1 coupled to down quarks and leptons, and H 2 coupled to up quarks. These couplings exhibit a global Peccei-Quinn symmetry, which is spontaneously broken along with the electroweak symmetry, giving rise to a massless axion. To avoid this problem one has to introduce a supersymmetric mass-term in the superpotential µH 1 H 2 , where µ must be of the order of the electroweak scale. The introduction of such a parameter looks completely unnatural, since it brings back the hierarchy problem at tree-level even for unbroken supersymmetry. Its origin requires an explanation at the more fundamental level. In fact, if the higgses belong to the untwisted sector, the mechanism of supersymmetry breaking we described above provides a natural solution to the µ problem. Following Section 2, one can identify one of the higgses with the first KK-excitation of the other.
Then the Higgs superpotential and soft breaking mass terms are given by (2.7) and (2.8). As a consequence, one obtains
Depending on which Higgs field is assigned to the first KK-excitation, one obtains two distinct cases of Higgs masses:
case 1 : 2. The supersymmetric theory has only one massless Higgs doublet and the U(1) Y is anomalous. As all SU(2) and gravitational mixed anomalies are proportional to TrY , this anomaly can be cancelled by a Green-Schwarz counterterm [16] .
Although the supersymmetric theory appears to be unrealistic since the hypercharge would be broken at the Planck scale, in the broken theory the U(1) Y becomes anomaly free and one is left with the minimal supersymmetric standard model. This unconventional possibility could be interesting for model building.
It remains to study the A soft breaking parameters, which correspond to the trilinear couplings in the scalar potential. They are given by the on-shell tree-level amplitude involving three complex scalars whose fermionic partners have the same chirality. This amplitude vanishes as in the supersymmetric theory, since the scalar vertex operators remain unchanged after supersymmetry breaking. Therefore
To summarize, the simplest embedding of the MSSM we have just described leads to the tree-level values of masses and soft-breaking parameters given in (4.1-4.6).
They are non-universal in the Higgs sector (4.4), and they are given in terms of one mass scale, namely the inverse size of the extra dimension 1/R. The latter corresponds to the VEV of the modulus field T which is a flat direction of the tree-level potential. As we explained in Section 3, the value of 1/R along with the VEVs of the two Higgs doublets should be dynamically determined by minimizing the one-loop effective potential with respect to these fields. In the leading logarithmic approximation, this is equivalent to considering the renormalization group equations of the MSSM with boundary conditions defined by (4.1-4.6 ). The resulting VEVs will then be proportional to the RGE-invariant scale Q 0 , defined in (3.1) as the scale where the determinant of the Higgs mass-squared matrix becomes negative and triggers electroweak symmetry breaking:
As a consequence of the vanishing of all quadratic divergences, Q 0 is independent of M p and can be hierarchically smaller depending on the largest Yukawa coupling, namely that of the top quark h t . Note that Q 0 is also independent of the supersymmetry breaking scale 1/R. The minimization of the effective potential with respect to the Higgs fields H 1 and H 2 fixes their VEVs in terms of 1/R, while the minimization with respect to T fixes 1/R in terms of Q 0 . As a result, all low-energy masses are fixed in terms of h t . Any particular string model which provides a definite prediction for h t will lead to a precise prediction for the low-energy mass spectrum of the theory. Here, since we are not dealing with a particular model, we will consider h t as a free parameter, and we will replace the minimization with respect to T by the phenomenological condition on the value of the Z-mass. In Section 6 the mass-spectrum will be derived as a function of the top-quark mass m t . As a consistency check of the procedure, one should verify that the obtained value for Q 0 is of the order of the scale of weak interactions.
The physics of Kaluza-Klein excitations
An unavoidable consequence of the proposed mechanism of supersymmetry breaking with a large internal dimension is the existence of KK-excitations at low energy. The lightest of such states is the first excitation of the photon, γ * , with a mass
accessible to future accelerators, and a very clear signal in the ℓ + ℓ − channel. Here, we will discuss a few theoretical aspects of their interactions, as well as possible effects and constraints at present energies that could lead to bounds or signatures of them.
As we have seen in the previous sections, only the untwisted states have KKexcitations, namely all gauge boson and Higgs supermultiplets. Although, by construction, these KK-modes do not affect the running of coupling constants, they could lead to observable effects through non-renormalizable interactions. In a supersymmetric theory, such higher dimensional interactions may come from F or D-terms.
Since quarks and leptons are in the twisted sector, the interactions corresponding to F -terms involve more than three twisted fields and, thus, are exponentially suppressed in the large radius limit [17] . This does not apply to D-terms which can lead to dimension six effective operators corresponding, for instance, to the exchange of massive vector bosons.
In states. This might give rise to unwanted, phenomenologically suppressed processes, as fast proton decay. However, they can be easily avoided if the model has no massless color triplets at the N = 4 level, i.e. before the orbifold projection is applied. Now, we concentrate on model independent dimension six operators which are produced by the exchange of KK-modes with the same quantum numbers as the lowest lying states (e.g. γ * , Z * , . . . ). Either they modify the effective parameters of the Standard Model (e.g. Z * , W * ), or they produce new effective interactions (e.g. γ * , excited gluon). In the former case, the mass of the excited modes is bounded by the precision measurements of weak interactions. In the latter, the mass is constrained by bounds on new physics, obtained from those on compositeness. The general form of such operators can be written as: 2) where M is the mass of the intermediate state and e its coupling to the massless fermions ψ at low energy. The tree-level coupling of a massive KK-mode, corresponding to the momentum number m (see (2.1)), to two massless twisted states is proportional to δ −m 2 /2R 2 , where δ is a number depending on the orbifold twist [18] .
In the large radius limit, this coefficient is equal to one, and the coupling is independent of m and equal to the corresponding coupling of the lowest lying massless state, m = 0. To determine e in (5.2) at low energy, we need also to study the infrared running of the coupling of the massive KK-mode from the Planck scale to its mass. In this region, this mode can be treated as massless and its vertex coincides with that of the corresponding massless state. Therefore, the one loop string diagrams will have the same infrared divergence and both couplings will be renormalized in the same way.
To extract a first estimate on present bounds on the size of the internal dimension in the above context, we will use the experimental limits on the strength of fourfermion interactions [19] . The stronger bound comes from eeµµ which gives:
where Λ eeµµ is the compositeness scale. The first factor in the r.h.s. of (5.3) comes from the sum over the infinite tower of massive photons, while the second factor comes from the contribution of the excited Z's [20] . Using the present value of Λ eeµµ ∼ 4.4
TeV [19] , one obtains R −1 > 140 GeV. This means that γ * could still be detected even at LEP-200! A number of interesting theoretical questions is related to the physics of KKmodes at high energies. As the energy increases above the decompactification scale, one produces more states which behave effectively as massless vector particles. At the field theory level, a higher gauge symmetry is required to describe consistently their interactions, and a Higgs mechanism is needed to explain the origin of their masses.
This symmetry should be a small part of the full string symmetry, which is infinite dimensional in the limit of Planckian energies [21] . In this sense, the detection of these particles and the understanding of their interactions could be considered as a window to uncover the complicated underlying string structure. A related issue is the possibility of observation of the extra dimension in a reaction where some outgoing particles could "propagate" in the decompactified space. This naive field-theoretical picture is incorrect because there is no conserved quantum number associated to this dimension, even approximately. In fact, as we discussed, all KK-modes are unstable and decay to massless states from the twisted sector. This is a stringy phenomenon arising from the chiral character of the theory and implying that space-time behaves, below the Planck scale, always as four-dimensional from the observational point of view.
The low energy particle spectrum
Let us analyze now the radiative breaking of the SU(2) × U(1) Y symmetry [14] triggered by the mechanism of spontaneous supersymmetry breaking described above. A main difference with respect to the usual low-energy supergravity models is the presence of the infinite tower of massive excitations. However, as we already pointed out, these modes do not affect the evolution of gauge couplings because they form N = 4 multiplets. For the same reason their contribution to wave function renormalization of Higgs and matter multiplets also vanishes. On the other hand, since heavier Higgs excitations have the same coupling to matter as the lightest one, they cannot get any VEV and, thus, they do not affect the minimization of the effective potential. Therefore, all higher KK-modes can be neglected in the evolution of RGEs. Our analysis will then be similar to the usual one after taking into account the (non-universal) boundary conditions (4.1-4.6) we found in Section 4.
For completeness, we give in Appendix A the RGEs for all the parameters of the MSSM [22, 23] . Note that in these equations there is a contribution to the scalar masses coming from the U(1) Y D-term parametrized in the general case by: 1) where d(r) is the dimension of the representation r. The evolution of S is given by [23] : 2) implying that if S vanishes at some scale, it vanishes everywhere. For the case of universal boundary conditions for the scalar masses, S = 0. In our case, S seems to be non-vanishing at the string scale due to the non-universality of boundary conditions in the Higgs sector (4.4) . However, this is an artifact of our truncation: taking into account the contribution to S of the tower of KK-excitations, one finds at each level an equal number of massive scalars with opposite hypercharges except at the lowest level which is massless. This implies that S is in fact vanishing at the string scale.
Neglecting all Yukawa couplings except the one of the top, we have in principle two free parameters at the string scale:
In order to obtain the SU(2) × U(1) Y breaking at the right scale we must impose 4) where g 2 and g 1 are the SU(2) and U(1) Y gauge couplings, respectively, and v 1,2 ≡ < H 1,2 >. In this way, we are left with only one free parameter and the supersymmetric spectrum will be strongly constrained.
The relevant Higgs scalar potential along the neutral direction is (6.5) where m 1 , m 2 , m 3 are related to the soft breaking parameters via expressions coming from integrating the corresponding RGEs. After integration, all renormalized soft parameters are proportional to µ. In particular, 6.6) where the functions l(t), g(t), e(t) and r(t) can be found in [24] . They depend on the parameter t = 2 log(M SU /M Z ), where M SU is the string unification scale, as well as on h t and the gauge coupling constants α i . The constants a and b appearing in (6.6) are a = 3(−1), b = −1(3) for the case 1 (case 2). The minimization conditions of the scalar potential (6.5) together with the constraint (6.4) give: 8) with ω ≡ v 1 v 2 . Combining (6.7) and (6.8) , and using (6.6), we determine the value of µ:
It turns out that for the boundary conditions we use, the solution corresponding to the lower sign in (6.9) is unrealistic because it gives rise to imaginary values for µ. We are left with only one free parameter h t and the whole supersymmetric mass spectrum can be obtained as a function of the top mass m t .
We have solved numerically the RGEs of Appendix A in the approximation h b , h τ ≪ h t and computed the supersymmetric particle masses by means of the usual formulae [14] . All the masses are evaluated at the M Z scale and the running is done
GeV [25] , where g ≃ 1/ √ 2 is the corresponding value of the string coupling constant 2 . The current experimental values that we use are: (6.10) α i at M SU should be obtained by inserting α i (M Z ) in the corresponding RGEs.
The numerical results are summarized in figs. 1 and 2, corresponding to the boundary conditions of cases 1 and 2 in (4.4), respectively, where the whole spectrum is plotted as a function of m t . It is worth noticing that although we have only one free parameter, there are still solutions consistent with the experimental bounds. This is certainly non-trivial and the allowed solutions strongly constrain the range of the top quark mass. In fact, case 1 leads to a light top in the range 90 GeV < m t < ∼ 105 GeV, (6.11) which corresponds to a range of the top Yukawa coupling h t at the string scale between 0.14 and 0.18. The lower bound comes from the present experimental limit, whereas the upper bound is due to the sneutrino mass which becomes negative for m t > 105
GeV (see fig.1b ). The values of ω can be read off from the top of the plots and they vary in the range between 10.6 and 12.9. Fig.1a shows squark (q) and gluino (g) masses. In our approximation u and d-type squarks are degenerate for the first two generations (separately for each chirality and charge), and the right sbottom is also degenerate with the first two right d-squarks. Left and right stops have a non-trivial mixing in their mass matrix which gives rise to the eigenstatest ℓ andt h . Fig.1b shows Higgs, slepton (l) and excited photon (γ * ) masses. In the usual notation H ± is the charged Higgs, A is the pseudoscalar, and H, h are the neutral scalars. Again in our approximation, all sleptons are degenerate (separately for each chirality and charge). close to their present experimental bounds [19] . The lightest supersymmetric particle (LSP) is a neutralino for m t < 102 GeV and the sneutrino for larger values. Finally, the values of the dynamically generated scale Q 0 defined in (4.7) are in the range 100-700 GeV, justifying the reliability of the RGE treatment.
The boundary conditions of case 2 in (4.4) lead to a heavy top in the range: (6.12) which corresponds to a range of the top Yukawa coupling h t at the string scale between 0.4 and 0.38. The lower bound in (6.12) comes from the present experimental limits on supersymmetric Higgs detection: for m t < 140 GeV the lightest neutral Higgs h becomes too light as shown in fig.2b . Note that radiative corrections to its mass are important in this case, and amount to adding around 20 GeV to the tree-level values [26] . At the upper bound of m t the value of µ in (6.9) goes to infinity, and beyond it becomes imaginary. However, in this region one should take into account the decoupling of heavy particles in the RGEs to obtain a more reliable result. The values of ω are now in the range between 1.7 and 4, while Q 0 varies between 140 and 100 GeV. In this case the LSP is a neutralino in the whole range of allowed m t .
In conclusion, we have presented the phenomenology of the minimal supersymmetric Standard Model in the context of a class of 4D strings with spontaneously broken supersymmetry by a large internal dimension. The scales of supersymmetry breaking and weak interactions are proportional to a unique dynamically determined scale hierarchically smaller than the Planck mass, and the whole spectrum was given as a function of one free parameter, the top quark mass. The boundary conditions at the string unification scale were determined by the supersymmetry breaking mechanism applied in a particular class of compactifications which include the Z 4 orbifold.
The classification of other possible boundary conditions, arising from different exact discrete symmetries used to break supersymmetry, is an interesting question. On the other hand, the explicit construction of a "realistic" string model exhibiting the required properties remains an open problem.
A Appendix
We collect here the renormalization group equations for the couplings and soft breaking parameters of the minimal supersymmetric Standard Model. We neglect all Yukawa couplings except those of the third generation.
• Gauge couplings
• Gaugino masses
where t ≡ ln(M 2 GU T /Q 2 ) and b 3 = −3, b 2 = 1 and b 1 = 11.
• .5) where one defines .6) and the gauge coupling constants at M GU T verify α 3 (0) = α 2 (0) = 5 3 α 1 (0) = α GU T (A.7)
• Trilinear soft terms corresponding to the third generation Yukawa couplings
• Supersymmetric mass of the higgsinos • Higgs doublets mass parameters .20) 
